cliNical article J Neurosurg Spine 24: [535][536][537][538][539][540][541][542][543][544][545] 2016 U pper cervical spine injuries account for 56%-73% of all cervical traumas. 8, 9, [12] [13] [14] 16, 17, 19, 21, 25, 32 One type of upper cervical spine injury, atlantooccipital dislocation (AOD), is a severe injury associated with high mortality rates. 1, 2, 11, 12, [16] [17] [18] [19] [20] 22, 24 In postmortem examinations, evidence of AOD is present in 20%-31% of deaths due to cervical spine injuries. 6 In recent decades, improvements in emergency management, transport, and recognition of AOD have resulted in higher survival rates.
adequate specificity and sensitivity when assessing adult patients with AOD.
Several radiographic criteria have been proposed to diagnose AOD based on lateral cervical radiographs and CT scans. According to the latest guidelines for AOD published in 2013, 28 the basion axial interval-basion dental interval (BAI-BDI) method described by Harris et al. 10 is the most reliable way of diagnosing AOD on lateral cervical radiographs. Because the BAI-BDI method has a sensitivity of only 50.5%, a large portion of patients will require additional confirmatory imaging.
In children, the most sensitive and specific test to diagnose AOD is the CT-based occipital condyle-C1 interval (CCI). 18, 19, 28, 30 In 2007, Pang et al. 18, 19 studied the CCI in 89 children without AOD and 16 children with AOD. They reported that a normal CCI was 1.28 ± 0.26 mm and proposed a CCI ≥ 4 mm as diagnostic for AOD. They found the CCI to have a sensitivity and specificity of 100% compared with other standard diagnostic tests including the Powers 23 ratio, Wholey 31 method, Harris 10 BAI-BDI, and Sun 27 interspinous ratio. Several authors have suggested that in adults a CCI ≥ 2 mm is abnormal. 5, 26, 28 More recently, Gire et al. 7 proposed that a single measurement of the CCI ≥ 2.5 mm and/or a condylar sum ≥ 5 mm was indicative of AOD in their analysis of 10 patients (6 adults and 4 children). 7 We believe that an adequate study should attempt to identify the CCI in healthy adult patients and compare it with the CCI in adult patients with AOD. Although a few studies address this topic, 28, 30 to our knowledge, this paper presents the largest CT-based study evaluating normal and abnormal parameters for the CCI exclusively in the adult population. We report the CCI for 59 adults without AOD and for 22 adults with AOD and compare their results with published radiological diagnostic criteria 7, 10, 15, 18, 19, 23, 27, 31 to determine whether a highly sensitive and specific cutoff value for diagnosing AOD with neuroimaging studies can be defined.
methods
This is a retrospective systematic review study approved by the institutional review board at St. Joseph's Hospital and Medical Center, Phoenix, Arizona. Data from 81 adult patients were included in the study.
patient characteristics
The control group comprised 59 consecutive patients who were defined as non-AOD based on the following criteria: patients who were admitted through the emergency department with minor or no upper-body trauma, who had no cervical pain or evidence of neurological deficits, and who had a thin-slice CT scan of the craniovertebral junction (CVJ) between April 1 and May 31, 2014. If patients developed neurological symptoms or cervical pain at any time during their hospital stay, they were excluded from the study.
The AOD group comprised 22 patients selected according to the following criteria: patient experienced high-energy or blunt trauma to the CVJ, had serial MRI evidence of ligamentous injury consistent with instability (tectorial membrane disruption and/or disruption of the occiput-C1 [Oc-C1] joint capsule), 4 underwent surgical internal fixation of the CVJ with intraoperative confirmation of Oc-C1 junction instability, and had thin-slice CT scans of the CVJ at presentation between June 2007 and September 2012.
Of the 22 patients in the AOD cohort, 1 patient (4.5%) had American Spinal Injury Association (ASIA) Grade A function, 1 patient (4.5%) had ASIA Grade B, 5 patients (22.7%) had ASIA Grade C, 7 patients (31.8%) had ASIA Grade D, 6 patients (27.3%) has ASIA Grade E, and 2 patients (9%) could not be tested due to unfavorable clinical presentations.
craniovertebral Junction measurements
Measurements were made by 2 physicians from the Division of Neurological Surgery at Barrow Neurological Institute, Phoenix, Arizona, who were blinded to the patients' diagnoses.
Occipital Condyle-C1 Interval
Based on the method described by Pang et al., 18, 19 a total of 1296 measurements were made of the CCIs in 81 patients. To determine the CCI for both the right and left sides, the distance between the cortex of the occipital condyle and the upper endplate of C-1 was measured 4 times on parasagittal and 4 times on coronal CT scans (Fig. 1 ). The contralateral joint was then measured. In some cases, a wedge-shaped crevice was evident on the Oc-C1 junction. This crevice was avoided when selecting measurement points.
The combined CCI for each side (right and left CCI) was the mean of the 8 measurements taken for the side.
The condylar sum was defined as the sum of the left and right mean CCI values for each patient.
Standard Diagnostic Criteria for AOD Figure 2 illustrates important landmarks of the CVJ. Comparative evaluation of the CCI was performed using standard radiological AOD diagnostic criteria for all the patients 3, 18, 19, 28 (Fig. 3) . Normal parameters range from 0 mm to < 12 mm.
Harris Line. The BAI is the distance between a tangential line to the posterior wall of the C-2 vertebral body (posterior axial line) and a line parallel to it in contact with the basion. A BAI ≥ 12 mm is suggestive of AOD (Fig. 3) . Normal parameters range from −4 mm to < 12 mm. Negative values are obtained when the parallel line is dorsal to the posterior axial line.
Powers Ratio. This is the ratio of the distance between the basion and the posterior atlas arch (BC1) line divided by the opisthion to anterior atlas arch (OA) line and is suggestive of AOD when BC1/OA is ≥ 1.0 (Fig. 4) . Normal parameters range from 0 to < 1.0.
Sun Ratio. This is the ratio of the interspinous distance between C-1 and C-2 divided by the distance between C-2 to C-3 and is suggestive of AOD when the ratio is ≥ 2.5 ( Fig. 5) . Normal parameters range from 0 to < 2.5. The C-2 and C-3 transverse processes are bifid, and our estimations were made using parasagittal CT images.
Wackenheim Line. This is a tangential line extended from the clivus and is considered normal when it intersects with the dens (Fig. 6) . If the line fails to intersect with the dens, it is suggestive of AOD.
Lee X-Lines. A line is drawn from the basion (B) to the axis spinolaminar junction (C2P) and is considered normal when it intersects C-2. A second line is drawn from the opisthion (O) to the posterior inferior corner of the body of C-2 (C2A) and is considered normal when it intersects with the posterior arch of C-1 (Fig. 6) . AOD is suggested when both lines miss their intersection.
Statistical analysis
Mean combined CCI values between left and right joints and between sagittal and coronal measurements were compared using a 2-tailed t-test for unequal variance. 19 General linear models were used to examine mean differences on continuous measurements between non-AOD and AOD patients. The partial eta squared statistic was used as a measure for effect size. Linear regression analyses with a single predictor of age were used to predict CCI measurements. These analyses are presented using scatter plots with a regression line, a Pearson correlation coefficient, and 95% confidence interval. A receiver operating characteristic (ROC) analysis was conducted to obtain a discriminator value for AOD and non-AOD patients using the variable with the largest effect size from the series of general linear models. The cut-score was set at the point that maximized the sum of sensitivity and specificity. A second ROC analysis was used to compare the area under the curve for standard diagnostic tests. SPSS version 22 and MedCalc version 13.2 were used for statistical analyses and p values less than 0.05 were considered statistically significant.
results patient demographics
The non-AOD group included 30 men (50.8%) and 29 women (49.2%) with a mean age of 42.4 ± 16 years (range 19-87 years). The AOD group included 10 men (45.5%) and 12 women (54.5%) with a mean age of 38.2 ± 9.7 years (range 20-56 years). There was no significant difference in average age between the two groups (p = 0.25).
measurements
The results of measurements taken in the AOD and non-AOD groups including means, standard deviations, significance values, and effect sizes are presented in Table  1 . Interrater reliabilities were calculated using single-class intraclass correlation coefficient and within a 95% CI ranging from 0.38-0.76. However, interrater reliabilities from patient-to-patient analysis between both physicians within a 95% CI were all above 0.98 for CCI measurements.
CCI Measurements in Non-AOD Patients
The mean CCI measurement for non-AOD patients was 0.89 ± 0.12 mm and was calculated using the average right and left coronal and sagittal measurements for each patient. We collected 16 measurements for each of the 59 patients and 944 measurements for the cohort (Tables 1  and 2 ) from considerable magnification on each slide to facilitate measurement. The single largest CCI measurement in the non-AOD patients was 1.4 mm (0.1%, 1 of 944 measurements). All of the mean sagittal or coronal CCIs for either joint were less than 1.3 mm in all patients, and the largest mean right CCI (RCCI) or left CCI (LCCI) was 1.2 mm (0.8%, 1 of 118 views of the joints). The mean condylar sum was 1.8 ± 0.2 mm, and the 2 largest condylar sum values were 2.2 mm (Patient 1) and 2.0 mm (Patient 11).
CCI Analysis With Sex and Age
The mean RCCI for the non-AOD group was larger in males (0.92 ± 0.08 mm) than in females (0.88 ± 0.08 mm, p = 0.049). However, the effect size was small (partial eta squared = 0.07) and considered to be clinically insignificant. The mean LCCI was not significantly different between sexes (p = 0.37).
Age was significantly, although modestly, correlated with the combined left and right mean CCI (r(59) = 0.26, p = 0.048) and left mean CCI (r(59) = 0.26, p = 0.045), but not with the right mean CCI (r(59) = 0.16, p = 0.21). A simple linear regression with age prediction suggested a 0.001 mm increase on average annually (b = 0.001, p < 0.048). The results of our regression analysis indicated that patient age explained 6.7% of the total variance in CCI measurement (R 2 = 0.067, F(1,58) = 4.07, p < 0.05) (Fig. 7) . Linear regression between CCI and age showed an annual increase of 0.001 mm (weak positive Pearson correlation coefficient = +0.260, p < 0.05) and when RCCI and LCCI were plotted independently, both lines were virtually superimposed. The LCCI weakly correlated to age (Pearson correlation coefficient = +0.262, p < 0.05) compared with the RCCI (Pearson correlation coefficient = +0.164, p < 0.05) (Fig. 7) . Due to these weak correlations, the differences in CCI between age groups and the different correlation coefficients between the right and left CCIs were considered clinically insignificant.
Symmetry
Symmetry between the left and right Oc-C1 joints was assessed by comparing RCCI and LCCI for each non-AOD patient. Symmetry was noted with a mean difference between left and right sides of 0.019 mm (p = 0.17). Sagittal and coronal measurements showed cohesiveness with a difference of means of 0.008 mm (p = 0.56). Tables 2 and 3 include the results from the combined CCIs obtained from 22 AOD patients. Of 352 measurements taken from these patients' CT scans, the mean combined CCI was 3.34 ± 1.8 mm (range 1. Symmetry between left and right Oc-C1 joints in AOD patients was also assessed. The mean difference between joints was 22% ± 20%. Nine patients had differences greater than 20%, and 3 patients had differences greater than 50%.
CCI Measurements in AOD Patients

ROC Analysis of CCI in Non-AOD and AOD Patients
ROC analysis (Fig. 8 ) of the means of the CCI for both sides yielded a cutoff value of 1.3 mm to achieve 100% sensitivity and specificity. This cutoff value was rounded to 1.5 mm to facilitate use, thus increasing to 5 the number of standard deviations from the mean (mean CCI + [5*SD] = 0.893 mm + [5*0.12 mm] = 1.49 mm) while maintaining the same diagnostic strength (100% sensitivity and 0% false-negative rate). Most patients (21 of 22, 95.5%) had bilateral AOD, and combined CCIs for both joints was greater than 1.5 mm in all patients. Table 1 includes the mean results from 4 standard diagnostic tests in all 81 patients, and Table 3 includes the measurements performed in 22 AOD patients. Among the AOD population, the diagnosis was suggested by all 4 standard tests in only 2 patients. Two patients had the diagnosis supported by 3 tests, and 6 patients had the diagnosis supported by 2 tests. Three patients had 1 positive test result, and 9 patients (41%) had 4 negative test results. The Wackenheim clivus line and Lee X-lines were each abnormal in 9 patients; however, they were both abnormal in only 4 patients. Table 4 presents results from the sensitivity and specificity analyses for AOD patients. For patients with AOD, the Powers ratio was positive for AOD in 12 of 22 patients (54.5%), Wholey BDI was positive in 10 of 22 patients (45.5%), Harris BAI was positive in 6 of 22 patients (27.3%), Sun ratio was positive in 5 of 22 patients (22.7%), and the Wackenheim clivus line and Lee X-lines were each abnormal in 9 of 22 patients (40.9%). Table 5 presents the sensitivity and false-negative rates for diagnosing AOD using the CCI and condylar sum. To calculate the sensitivity and specificity of the CCI in patients with AOD, each patient was considered as a truepositive for AOD if the mean CCI for either side was greater than or equal to 1 of 3 different discriminators: 1.5, 2, or 2.5 mm. A CCI of ≥ 1.5 mm had the highest sensitivity (100%) for AOD with a false-negative rate of 0%. Additionally, sensitivity was calculated for all AOD patients considered as true-positives if the condylar sum for each patient was ≥ 3 mm or ≥ 5 mm. A condylar sum value ≥ 3 mm was 100% sensitive with a false-negative rate of 0%. Table 4 includes the results from all the standard diag- nostic tests performed in the 59 non-AOD patients. The mean Powers ratio was 0.7 ± 0.08 (range 0.5-0.9), mean Wholey BDI was 6.5 ± 1.7 mm (range 3-10.2 mm), mean Harris BAI was 5.4 ± 2.2 mm (range 0.7-11.7 mm), and mean Sun ratio was 1.0 ± 0.55 (range 0.3-3.2). For different CCI discriminators (≥ 1.5, 2, or 2.5 mm), there were no false-positives for the Powers ratio, Wholey BDI, and Harris BAI. Only 1 patient was false-positive for AOD using the Sun ratio (3.2 mm, false-positive rate = 1.7%). The Wackenheim clivus line was falsely positive for AOD in 27 of 59 patients (45.8%) and the Lee X-lines test was falsely positive in 4 of 59 patients (6.8%).
Standard diagnostic tests
Sensitivity and Specificity Analysis for AOD Patients
Sensitivity and Specificity Analysis for Non-AOD Patients
discussion
After reviewing with great interest the articles published in 2007 by Pang et al., 18, 19 in which the authors endeavored to study the CCI in the pediatric population, we decided to perform a similar study in the adult population to establish the normal CCI parameters in non-AOD patients, compare them with AOD patients, and assess the relevance of the standard diagnostic tests in the modern radiological era.
In a study from 2013, Gire et al. 7 proposed 3 premises: 1) Normative data from the study by Pang et al. 18, 19 did not demonstrate a statistical change of CCI from birth to 18 years; therefore, the use of the CCI may also be applicable to adult populations. 2) The number of measurements taken should be reduced from 8 per joint to 1 to make the technique more practical. 3) A cutoff was set for AOD of 2.5 mm for the revised CCI and 5.0 mm for the condylar sum. After performing the present study, we found these 3 premises to be inconsistent with our results.
As normative data from an adult population to assess the normal CCI in non-AOD patients are lacking in the literature, we studied a sufficiently large number of con- e. martinez-del-campo et al.
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secutive patients admitted to the emergency department at our institution with mild or non-upper cervical trauma who had a CT scan including the CVJ as part of their diagnostic workup.
Normal cci
We assessed each joint individually in 59 non-AOD adults and found the mean CCI to be 0.387 mm shorter than the mean CCI reported in the pediatric population 19 (0.893 mm vs 1.28 mm), ranging mostly from 0.7 to 1.0 mm, with only 1 patient having a mean of 1.2 mm. Great cohesiveness was evident among all patients in terms of age, sex, and use of sagittal or coronal cuts and, as shown in Fig. 7 (lower) , the two lines are superimposed with what is practically an insignificant annual increase with age (0.001 mm/year). The condylar sum, obtained from the mean of each patient's RCCI and LCCI, was also shorter by 1.41 mm than the results obtained by Gire et al. 7 (1.8 mm vs 3.21 mm). Contrary to the results of Pang et al., 18, 19 our results showed that symmetry was not universally observed among non-AOD patients, and 7 of 59 patients had a difference greater than 20% between left and right sides. However, none of these patients had a right or left mean CCI greater than 1.0 mm, and all were neurologically and clinically intact.
adequate cci measurement
The individual CCI means per side (right and left) of each sagittal and coronal CT scan in all non-AOD patients were similar and showed no statistically significant differences (p > 0.05). However, each individual measurement could show a variability of as much as 0.5 mm between a sagittal and a coronal ipsilateral slice, and in some cases even on opposite sides of the joint on a single slice. We consider this difference to be too large to be disregarded. For this reason, we agree with Pang et al. 19 on the necessity of obtaining 4 equidistant measurements on each sagittal and coronal slice from each joint, as the complex 3D "ballsocket" configuration of the joint may provide different CCI lengths throughout its surface.
Measuring 8 different points per joint (16 per patient) might be less practical than measuring a single one. Nonetheless, the severity of AOD and the great necessity to adequately and accurately diagnose it are strong enough reasons to support their use, taking the interpreting physician only an additional 1-2 minutes. If the Oc-C1 joint is widely and obviously separated, 1 or 2 measurements per joint may suffice. Moreover, the CCI might not be necessary in patients with clearly visible AOD. 18, 19 All 8 measurements per joint should be taken when in doubt. Sufficient magnification of the image is required, such that the joint fills most of a regular PC monitor, and the built-in tools in the image processor should be used to measure the space between the cortices of the occipital condyle and the superior endplate of C-1. We use the Web Dominator (DR Systems, Inc.) (Fig. 9) . Crevices and uneven spaces should be avoided, and results are processed through basic means to obtain an RCCI and LCCI.
mri/ct abnormal Findings in patients with aod
All 22 patients with AOD had CVJ disruption evidenced by tectorial membrane rupture (high-intensity changes on T2-weighted or STIR MRI and loss of continuity of the line extending from the dens to the upper portion of the clivus), and atlantooccipital membrane rupture and blood or edema surrounding Oc-C1 and C1-2 on T2-weighted midsagittal MRI. Additionally, 10 (45.4%) AOD patients had evidence of atlantoaxial dislocation, 2 (9.1%) patients had Type 1 and Type 2 odontoid fractures, 2 (9.1%) patients had transverse ligament rupture, and 1 had evidence of blood/edema on C1-2. Other lesions not inherent and distant to the CVJ were also noted in some patients, but were not deemed significant for analysis.
the cci in aod
Since the description of the CCI in children, multiple authors have determined, without sufficient statistical evidence, that the normal upper value for the distance between the occipital condyle and C-1 in adults is between 2.0 mm and 2.5 mm. 5, 7, 26, 28 Biostatistical and ROC curve analyses for these 2 proposed cutoffs together with our proposed discriminator shows that 1.5 mm is the more accurate cutoff, with 100% sensitivity and specificity with no false-negatives; while 2.0 mm and 2.5 mm had higher false-negative rates of 13.6% and 22.7%, respectively. Better results were also evident when comparing the condylar sum values of 3.0 mm against 5.0 mm. Even though our statistical analysis supports the use of a CCI ≥ 1.5 mm for the radiological diagnosis of AOD, we are aware that some concerns may arise regarding the small difference (0.6 mm) between the normal and pathological CCI. We suggest that this value (≥ 1.5 mm) be used as a highly suggestive indicator that a patient has AOD, especially in a clinical scenario where a patient has concomitant cervicomedullary deficits, cranial nerve palsy, cruciate paralysis, perimedullary or C1-2 imaging abnormalities, and tectorial membrane or atlantooccipital ligament injury.
As opposed to the CVJ in children, adults have a more rigid, less cartilaginous joint, with decreased ligamentous hydration and even calcification as patients grow older. Minimal widening between the occiput and C-1 might be enough to render the joint unstable and may not be evident on plain radiographs, which increases the probability of misdiagnosis on plain radiography. One patient in the AOD group (Patient 5) had a CCI of only 1.6 mm, and the confirmation of instability was made during surgery. This is evidence that larger series are necessary to show the whole spectrum of the disease, especially as more patients survive the initial insult. We believe this supports our decision to tighten the index of suspicion for this disease. If the CCI is established to be ≥ 1.5 mm in a patient, we believe that cervical distraction is contraindicated and the emergency room physician should immediately consult the neurosurgical department for further studies, following the current protocols for management of AOD. 28 Neurological presentation, type and severity of the traumatic insult, serial MRI and CT scanning, and the neurosurgeon's and institution's own experience all have paramount importance in the diagnostic armamentarium for AOD, and must be complementary to the CCI.
Standard diagnostic tests
The Powers ratio, Harris line, Wholey line, Sun ratio, Wackenheim line, and Lee X lines have all played important roles in the past for the diagnosis of AOD. However, they were initially applied in lateral plain radiographs, and they may not be relevant when CT is used. They are also limited in their ability to measure the relationships between mobile landmarks at the CVJ, which may shift or alter depending on the patient's position, and their use may result in higher false-negative ratios. 18 As previously discussed in the Results section, both sensitivity and specificity for these tools are suboptimal, requiring a readjustment for their continued use on CT scans. The current study is arguably one of the largest to present normative data using these tools with such a modality and then comparing patients with AOD to the derived norms. They might be useful for the complementary diagnosis of this traumatic injury.
limitations This is a study from a tertiary neurosurgical center with all the inherent limitations of a retrospective review. Although it might represent the largest case series to date to study the CCI for the diagnosis of AOD, a prospective study would be ideal. However, the low incidence and survival rates of this pathology make this difficult to achieve.
Universal accessibility to CT scanning may be limited to higher-level trauma centers, especially in rural areas and some developing countries. In such cases, standard tests and clinical presentation will determine the management and probable transfer of the patient to specialized neurosurgical centers.
Images were assessed by physicians from our division of neurological surgery. A neuroradiologist might have offered additional significant input to the study. However, as this pathology is mainly diagnosed in the emergency department, we did not deem it necessary for the validity and reliability of this study.
conclusions
Our analysis of the normal parameters of the CCI in the adult population helped us establish that the distance between the occipital condyle and C-1 in adults is shorter than we previously believed. This finding led us to review the CT scans of the CVJ in a larger number of AOD patients, and enabled us to propose a tighter cutoff for the CCI (≥ 1.5 mm) and condylar sum (≥ 3.0 mm), both of which are more sensitive and reliable than the present radiographic criteria. This adjustment may lower the probability of AOD passing undiagnosed.
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